Ethanol induced small amounts of cytochrome P-450 in Saccharomyces cerevisiae NCYC 754 under conditions in which it is not normally detectable. Moreover, in non-growing yeast the existing cytochrome P-450 content was increased by 50% at a limited range of glucose concentrations (8-12% in 0.1 M-potassium phosphate buffer, pH 7.0), in which ethanol is produced by fermentation, possibly at an optimum concentration for induction of cytochrome P-450. Added alkanols, other than ethanol, caused rapid degradation of cytochrome P-450 in nongrowing yeast; the rate of loss was directly related to the lipid solubility of the alkanol. Ethanol therefore favoured the accumulation of cytochrome P-450 in yeast; this may be related to an important putative role of one of the isoenzymes in ethanol-tolerance of the yeast, by the oxidative removal of ethanol from the endoplasmic reticulum of the cell. It is the accumulation of dissolved oxygen, rather than ethanol, that occurs on cessation of yeast growth that is likely to trigger the rapid disappearance of cytochrome P-450 observed at this time.
The production of cytochrome P-450 in S. cerevisiue was shown by tetrad analysis to be controlled by a single nuclear gene which was not the structural gene, with at least one modifier gene being involved in the modulation of the amount of cytochrome P-450 produced (King et al., 1983) . The identity of these genes is so far unknown. Cyclic AMP may be involved in regulating cytochrome P-450 production in S. cerevisiue by some form of negative control (Wiseman et al., 1978) . In addition, cytochrome P-450 may be destroyed in stationary phase culture by a cyclic-AMP-dependent covalent modification, as reported for the enzyme from rabbit liver (Muller et ul., 1985) , which could be oxygen-concentration dependent. Alternatively, oxygen or oxygenradicals could inactivate the enzyme by directly binding to it.
It has been shown that the production of the yeast haemoproteins iso-1-cytochrome c, catalase T and catalase A is co-ordinately controlled by glucose, oxygen and haem through the control of mRNA levels (Hortner et al., 1982) , although there is also regulation at the post-transcriptional level (Laz et al., 1984) . The amount of iso-1-cytochrome c and iso-2-cytochrome c is reduced in yeast grown anaerobically or under glucose repression, whereas the amount of apoprotein of each of cytochrome 6, cytochrome c peroxidase and cytochrome c is not reduced (Ross & Schatz, 1976) . The production and addition of the haem is therefore the crucial controlling step in these systems, although it should be noted that biosynthesis of the haem moiety occurs in mitochondria (Gudenus et al., 1984) . Cytochrome P-450 accumulates in yeast endoplasmic reticulum and is detectable spectrally when yeast is grown semi-anaerobically or under conditions of glucose repression. Different haemoproteins respond differently to glucose, oxygen, haem and ethanol; therefore, studies on the regulation of these systems should contribute to our understanding of the mechanisms involved in the co-ordinate control of the production of eukaryotic proteins.
We have recently shown that cytochrome P-450 is induced in S. cerevisiue by small amounts of oxygen, presumably by removal of blocking mechanisms at the genome level, but that at high oxygen concentrations the cytochrome P-450 content is reduced (Blatiak et al., 1985~) . In this study we report on the roles of ethanol and glucose in cytochrome P-450 accumulation, and relate this to oxygenation, both during growth and in stationary phase culture.
METHODS
Organism and growth. S. cerecisiae NCYC 754 was maintained on slopes of Sabouraud dextrose agar. Liquid cultures were grown aerobically at 30°C for up to 180 h in 100 ml medium in a 250 ml conical flask shaken at 120 r.p.m. in an orbital shaker. The medium contained the following (%, w/v): Dglucose (20); mycological peptone (2); yeast extract (1); and NaCl (0.5).
Yeast cells, harvested in late exponential phase of growth (35-40 h), were washed and resuspended in 0.1 Mpotassium phosphate buffer, pH 7.0. Members of the n-alkanol series (6%, v/v) were added in separate experiments, and incubated with shaking in a sealed flask (to avoid evaporation of alkanol) at 30 "C for several hours. Samples were withdrawn at intervals for assay of residual cytochrome P-450.
Assay methods. Cytochrome P-450 was determined directly on whole yeast cells by the reduced carbon monoxide difference spectrum method of Omura & Sato (1964), using an extinction coefficient of 91 mM-' cm-I. Ethanol was measured enzymically by using alcohol dehydrogenase and measuring the increase in absorbance at 340 nm of NADH, using a kit from Boehringer. Glucose was measured by the glucose oxidase method also using a kit from Boehringer.
Batch fermenter growth. Some experiments, as noted later, were done in a 4 1 microprocessor controlled batch fermenter under optimal conditions for cytochromes P-450 production. These were as follows: 25.1 "C, pH 5-04, impeller speed 253 r.p.m., gas flow rate 150 ml min-I, in a medium containing (%, w/v) glucose (14.05), mycological peptone (1.04), yeast extract (1.69) and NaCl (0.09). The conditions for the growth of yeast in the orbital shaker were also close to the optimum for oxygenation. These were chosen on the basis of previous work (Blatiak et al., 1985a) so that the maximum growth rate of yeast, and the maximum accumulation of cytochrome P-450 in 44 h could be approached.
R E S U L T S A N D D I S C U S S I O N
The cytochrome P-450 content of cells of S. cerevisiue NCYC 754 was closely linked to the growth phase. It reached a maximum at the end of exponential growth, and fell rapidly soon after the onset of the stationary phase at about 40 h in medium containing 20% (w/v) glucose Yeast cells were incubated at 30 "C in the presence (6%, v/v) of the first five members of the n-alkanol series. Results are the means of two independent determinations (which did not differ significantly). 
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( Fig. 1) . The half-life of the enzyme was about 20 h in this residual medium containing about 4% (w/v) glucose and 5 % (v/v) ethanol, as distinct from 7 h in potassium phosphate buffer (Table 1) . As expected, the glucose concentration of the medium declined rapidly with a concurrent increase in ethanol concentration which later fell, due to evaporation losses and the probable use of ethanol as a carbon source under these aerobic, low-glucose conditions. The rapid fall of cytochrome P-450 content in stationary phase has been partially attributed to the decline in the glucose concentration in the growth medium (Wiseman et al., 1975) . Another possible factor is the rise in ethanol concentration to approximately 6% (v/v) at the end of exponential growth. Our results do not substantiate this view, but imply that loss of cytochrome P-450 is due to buildup of oxygen in the medium after growth ceases, because the yeast is no longer rapidly removing it, resulting in oxygen, or active-oxygen, mediated destruction of the enzyme.
Until recently, it was thought that yeast accumulated ethanol intracellularly to a concentration higher than that in the medium during fermentation (Beaver et al., 1982; Loureiro & Ferreira, 1983) . However, recent work suggests that S . cereuisiae does not accumulate ethanol against a concentration gradient but that the yeast plasma membrane is freely permeable to ethanol (Guijarro & Lagunas, 1984) . Ethanol (and other alkanols) are known to have many deleterious effects on yeast at higher concentrations, including an inhibitory effect on growth rate, fermentation rate and viability (Brown et al., 1981; Jones & Greenfield, 1985) . The mechanisms of these effects are unknown, although contributory factors might be the reduction in the uptake of solutes such as glucose (Leao & Van Uden, 1982a, 6 ) and amino acids (Leao & Van Uden, 1984a) , passive proton influx across the plasma membrane (Leao & Van Uden, 1984b ) and thermal death (Leao & Van Uden, 1982) . Little is known about the effects of ethanol on the synthesis and degradation of enzymes in stationary phase yeast, although it should not be overlooked that ethanol causes a decrease in water activity and in dielectric constant of the growth medium. The decrease in viability caused by ethanol may be initiated by the interaction of ethanol with lipid components of cell membranes as suggested by Thomas et al. (1978) , who demonstrated that yeast cells with added ergosterol were more resistant to ethanol. Casey et al. (1983) showed that supplementation with ergosterol and Tween 80 enabled yeast to grow in much higher concentrations of ethanol. Yeast cytochrome P-450 is a key enzyme for ergosterol biosynthesis (Aoyama et al., 1984) , so if ethanol were affecting sterol biosynthesis through an effect on cytochrome P-450, then ergosterol supplementation would indeed be expected to overcome this. However, recent work has suggested that supplementation with sterols including ergosterol could not protect yeast from ethanol inhibition of growth (Walker-Caprioglio et al., 1985) . Nevertheless, yeast is particularly sensitive to inhibition of growth and fermentation by ethanol under anaerobic conditions (Aguilera & Benitez, 1985) , presumably when cytochrome P-450 is absent.
The effect of added ethanol on the cytochrome P-450 content of late exponential phase yeast cells was examined. In control incubations in potassium phosphate buffer the cytochrome P-450 content declined in 7 h to approximately 45% of that present originally. When ethanol was added little if any change in degradation rate was seen at first, but after 7 h the cytochrome P-450 content had stabilized to approximately 65% of that present originally. This may reflect an altered degradation rate after 4-5 h, possibly with additional synthesis of ethanol-induced cytochrome P-450. This effect is also reflected in an increased half-life for cytochrome P-450 when yeast cells were incubated with ethanol compared to the control in buffer alone (Table 1) . This effect was not seen with alkanols other than ethanol, all of which accelerated degradation : with increasing chain length of alkanol there was a faster loss of cytochrome P-450 (Table 1) . This finding reflects the lipid-solubility of the alkanols: the more lipid-soluble the alkanol, the faster the degradation caused by its addition. The lipid-solubility of alkanols also correlates with many other effects of these compounds on yeast such as on glucose transport and fermentation (Leao & Van Uden 1985) , ammonium transport ) and thermal death (Leao & Van Uden, 1982a, b) . This suggests that alkanols interfere with hydrophobic membrane regions, including the endoplasmic reticulum in which cytochrome P-450 is located. Ethanol, however, seems exceptional in its lack of destructive effect on this enzyme.
In yeast grown in medium containing 0.5% glucose, cytochrome P-450 could not be detected by spectral means (King, 1982) ; this finding is supported by the work of Aoyama et al. (1981) and Karenlampi et al. (1981) . It may be significant that about 35% more oxygen is dissolved in media containing about 0.5-1 % glucose than in the media containing 20% glucose where P-450 is accumulated. Addition of ethanol to low-glucose media may overcome this effect. To further examine this, cultures of yeast in media containing 0.5% glucose were supplemented with I % ethanol. This resulted in the induction of a small amount of cytochrome P-450 between 20 and 50 h of incubation (Fig. 3) . Ethanol induction of cytochrome P-450 in S . cereoisiae was also observed by Del Carratore et al. (1984) and Morita & Mifuchi (1984) . This induced form of cytochrome P-450 may be similar to that in mammalian liver, in which ethanol induces a form of P-450 which operates via a free-radical mediated mechanism to oxidize ethanol (IngelmanSundberg & Hagbjork, 1982) . The metabolism of 8-methoxypsoralen by S. cereuisiae is also induced by ethanol (Prognon et al., 1984) , and this may be mediated by a cytochrome P-450 enzyme system. Ethanol is, of course, present in yeast during fermentative growth, under which conditions cytochrome P-450 (cytochrome P-448 isoenzyme) is produced in large quantities. It is likely, therefore, that under these conditions ethanol-induced cytochrome P-450 is synthesized in the endoplasmic reticulum of the yeast cell, and that the main role of this isoenzyme is to oxidize ethanol. Indeed, substrate binding of ethanol to this isoenzyme could stabilize it. The removal of ethanol would be expected to protect the protein biosynthesis system. It should be noted that such forms of cytochrome P-448, functioning by means of free radicals, would be sensitive to inhibition by free radical trapping agents such as the dithiothreitol often used to stabilize cytochromes P-450 during isolation and assay. High concentrations of glucose in the growth medium cause the accumulation of P-450 in growing yeast. In comparison, the effect of incubating yeast after transfer to non-growth conditions in potassium phosphate buffer, pH 7.0, with different concentrations of glucose added, is shown in Fig. 4 . With 8% (w/v) glucose the already high content of cytochrome P-450 rose after 2-5 h to 150% of that present originally, but later fell. With 1 % (w/v) glucose this effect was not seen, whereas with 5 % (w/v) glucose some accumulation of P-450 occurred. At higher glucose concentrations less accumulation of P-450 was found, so that with 12 and 20% (w/v) glucose results were similar. Under these conditions fermentation of the glucose occurs, and it is possible that at 8-12% (w/v) glucose, fermentation may result in an optimum concentration of ethanol to further induce P-450. No such further accumulation of cytochrome P-450 could be observed using the 4 1 microprocessor controlled fermenter. However, here the oxygenation may be high enough to destroy the enzyme or, alternatively, to prevent attainment of the optimum concentration of ethanol for induction. In earlier work we found that there was protection from degradation of P-450 by anaerobiosis and other agents that inhibited protein biosynthesis in yeast mitochondria. These would also stop the aerobic metabolism of ethanol (Blatiak et al., 1980) .
The large accumulation of P-450 in yeast during rapid fermentative growth on high-glucose media has long been a puzzle when it seems that sufficient P-450 for 14a-demethylation of lanosterol can be made even aerobically in low-glucose media (Aoyama et al., 1981) . Although growth at a high glucose concentration is very much faster than that at a low glucose concentration, it is doubtful whether all of the extra P-450 produced would be needed for the production of sufficient ergosterol at this faster rate of growth. Therefore, the role of this highglucose induced P-450 is not understood. The induction observed in high-glucose media might be related to the concentration of ethanol produced rather than the glucose concentration. In mammalian systems ethanol is known to induce a specific form of P-450 which has a very high activity towards the oxidation of ethanol to acetaldehyde (Coon et al., 1984) , and is also capable of oxidizing a range of other substrates by a free-radical mediated mechanism (IngelmanSundberg & Hagbjork, 1982) . It is likely that in S. cerevisiae a comparable system is present, which is also capable of oxidizing some xenobiotics such as benzo(a)pyrene.
It is obvious that a complex mechanism of regulation of P-450 is present in S. cerevisiae. Low concentrations of oxygen induce P-450 whereas high concentrations repress or destroy the enzyme (Blatiak et al., 1985~) . We have now shown that ethanol, as well as glucose, is also involved in control of P-450 content. It is likely that haem made in mitochondria is also involved, as has been shown for iso-1-cytochrome c (Guarente & Mason, 1983) , so that further roles for oxygen are inevitable. The complexity of the regulatory system is perhaps not surprising, as several forms of cytochrome P-450 are now known to exist in S. ceretlisiue (King et ul., 1982) . Part of this work has been reported briefly in a preliminary communication (Blatiak et al., 1985b) . 
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